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ABSTRACT

The use of ultrasonic methods (and in some cases electrical conductivity measure-
ments) for studying defect formation and motion in connection with deformation and
stress cycling experiments in alumirmim and sodium chloride single crystals is the
subject of this reporta

Previous work has shown that the observed ultrasonie changes are closely
associated with changes in dislocation behaviors. It was shown that it was possible
to use deformation experiments in such a way that the results could be related to
the action of the slip systems and to their orientation. It was shown that disloca-
tion breakaway, easy glide, and dislocation multiplication were indicated by atten-
uation and velocity changes.

Measurements on large single erystals of sodium chloride, deformed in tension,
have been made in a manner similar to that with alumimum for the purpose of comparing
the dislocation damping and recovery effects in an ionic¢ c¢rystal with those in a
metaly, In addition there is significant information from electrical conductivity
measurements made concurrently with attenuation and velocity measurements.

Recovery in aluminum single crystals at 195°K has been compared with recovery
at room temperature with the result that an interesting "threshold effect" has been
observed; there appears to be a level of deformation which must be exceeded, at this
temperature before recovery occurse. '

Stress cycling experiments on aluminum single crystals cycled in tension and
compression have shown some lnteresting consequences in comparison with our earlier
results on polycrystalline samples. Single crystals (high purity) can be cycled at
levels much higher relative to yield stress and breaking stress than can polyerystal-
line (commercial purity) samples at the same time the stress level can be raised in
stepz during cycling until it is one and a half to two times (at least) the stress
that would be required initially to break the single crystal sample.

The automatic recording time echo (or velocity) measurement unit has been designed
to measure the time between two successive echoes in a pulse echo train with a
sensitivity of one nanosecond out of one hundred microseconds and to record the meas-
urement as a voltage capable of driving a recorder so that dynamic changes in time
(that cannot be measufed manually) will produce a record. The system must be inde-
pendent of variations in repetition rate, and time jitter, and change in amplitude of
the echoes selected. These aims have been accomplished in the trial model of this
device. In particular it has been found that no change in center frequency or band-
width is seen over a 40 db range of gain control nor does an artificial change of 40 db
in signal level produce a detectable change in measured time.

This technical decumentary report has been reviewed and is approved.
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C.iet, Streagth & Yyuonics Branch
Metals and Ceremics Division

Lir Force Materials laboratory
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INTRODUCTION

The purpose of this investigation is that of understanding the physical changes
which are detected and continuously measured in alumirmm and in certain ionic crystals
during deformation and stress cycling. The investigation involves the study of im-
perfection behavior generally, and specifically the interaction of point defects with
moving and vibrating dislocations. The study of metals and ionic crystals offers in-
formation specific to these two types of materials as well as information on imperfec-
tion behavior in general.

Previocus work has been concerned with aluminum single crystals oriented for single
slip and for "polyslip" deformed in tension, at room temperature. Simultaneous meas-
urements of attenuation and velocity changes were made continuously during tensile
deformation. The observed changes in attenuation in the polyslip orientations are
consistent with an explanation based on the number of equally favored slip systems in
each case. The results on crystals oriented for single slip indicate that in the easy
glide range of strain hardening, dislocation multiplication is confined to the primary
slip system only. The end of easy glide is associated with dislocations multiplying in
other slip systems. An increase in attemation is also observed prior to the onset of
the macroscopic yield. This increase is attributed to an increase in dislocation loop
length, caused by a breakaway mechanism.

In the early stages of deformation, for all orientations, an increase of ultra-
sonic velocity, relative to the unstrained condition, is observed. This initial in-
crease in velocity is discussed under the "anomalous velocity effect™ and the effect
forms one of the strongest tests of dislecation damping theory. Similar deformation
experiments have been carried out on sodium chloride single crystals.

During the past year we have extended this work in the direction of studying the

charge distribution and conductivity in alkali halides and the association of these

Manuscript released by the authors 1 April 1963 for publication as an ASD Technical
Documentary Report.



propertles with plastic deformation. More specifically, we have studied the charge
transported by moving dislocations during plaétic strain as well as the conductivity
change at different temperatures associated wi’c.h plastic deformation in alkali halides.
In addition to conductivity measurements the changes in the material are detected and
followed by the measurement of ultrasonic attermation and velocity using pulse echo
methods in the low megacycle range of frequencies. A discussion of our earlier work
is given together with further references, in our annual report, dated February, 1962,
entitled "Ultrasonic¢ Methods in the Study of Fatigue and Deformation in Single Crystals®
Technical Docimentary Report No. ASD-TDR-62-186.

The present report is concerned with the following topics:

1. Discussion of measurements and results concerned with the recovery after
deformation of aluminum single crystals at room temperature and at 195°K
as well as conditions for deformation with no recovery.

2+ Anomalous Velocity Effect.

3i Deformation in Ionic Crystals (NaCl, LiF)

Ultrasonic attenuation and velocity changes associated with dislocation
motion during deformation. Conductivity or charge effects arising from
dislocation motion during deformation.

4, Stress Cycling of Single Crystal Aluminum
Ultrasonic changes and stress-strain changes as a function of cycling
for about 3 x 106 cycles.

5s Automatic Recording Velocity Measurement Unita

Tt should be noted that each of the above mentioned sections can stand by

itself, and that the figures are rmumbered consistently within each individual sections



1. Recovery of Aluminum a

Recovery of aluminum (and other solids), following deformation, is observed in
both attenmuation and velocity measured as a function of time until the attemuation
has dropped (or the velocity increased) to a steady values The final value may be
the same as the initial value of attemuation (or velocity) before deformatione In
other words the attenuation may recover completely or partially toward the initial
value before deformation.

The recovery process is one in which the dislocations are repinned (the loop
lengths shortened) by the point defects which migrate to the dislocations as a
function of time after the deformation has been stoppeds The recovery process will
proceed whether or not the load is removeds At room temperature the recovery will
proceed rapidly as soon as the loading is stoppeds Of course some recovery is present
during the loading process, and if the loading is done very slowly the recovery may
nearly cancel the unpinning processa

The manner in which this repinning occurs is sengitive to the conditions under
which the point defects must operate. Recovery is sensitive to temperature, to purity,
to dislocation density, to types of dislocation and so on. Recovery measurements
should also reveal whether more than one type of point defect is involved in the re-
covery process, Study of recovery may allow a determination of the period of time,
during the pimming process, for which the diffusion of peint defects limits or deter-
mines the rate of recovery. Recovery measurements at low temperatures, when compared
with similar measurements at room temperature, will reveal whether a particular point
defect is sufficiently active at various temperatures to cause pinning and in this
way mayr help to identify what point defect is under examination. With two (or more)
types of point defects involved in pimning it should be possible to separate the

effects of each type by doing recovery experiments at several different temperatures



including a temperature which "stops" one defect and leaves the other active, and
finally at a temperature which "stops" the second defect alsos This may, of course,
not be possible, but if it is, one can hope to find out what the defects are and how
many types are involved.

With such ideas in mind we have examined the recovery of pure alumimm single
crystals at room temperature and at 195°K with the intention of continuing at lower
temperatures.

Several results of interest have emerged. The recovery behavior has been shown
to obey the "tz/ 3n 1aw rather well during the first stages of (30 mimmtes) recovery.
An interesting "plateau® appears in the recovery curve at low temperatures but not at
room temperature. In addition it has been found that there is a threshold in the de-
formation below which recovery does not occur at all at the lower temperatures

Figure 1 shows a room temperature recovery curve (with load removed) for com-
parison with the recovery curve of Figure 2 taken at 19 5°K. The data of Figure 2
show the plateau mentioned above; the plateau has always appeared as shown with alu-
mirum, and it may be noted that a very similar effect appears when sodium chloride
is irradiated at 77°K with Coé'0 gamma rays.

Dislocation damping theory shows that the attenuation should depend on loop
length (average) L, dislocation density /], and ultrasonic frequency Y , =27y
in the following way

o =Klw2_/l_1f’ db//usec
where
K, = 8,68 x 1070, uar? B
1 (=57 =)
7 i7cc

The dislocation loop length should decrease during recovery and the decrease in

Toop length should depend on the concentration of effective pinning agents c(t) added

during recovery to the initial average loop length Loe. Then the loop length at any




time t after recovery beging will be L = -.l%

From arguments involving the diffusion of point defects it can be deduced/that the
2/3
| _ 33 - AD_
concentration of pimming points e(t) —pt where ﬁ = constant ( T where
A is a factor indicating the strength of the Cottrell attraction between dislocations
and point defects. Using c(t) = ﬁ tZ/ 3 1eads to

0( = Klu) ZA LoLp

1
[:L + /3 2/ 3_} *
W , /1 , and Lo are regarded as fixed quantities during recovery and we normalize

- 2 L 1
to AIUJ A Lo hence °<n = —>
[:L +ﬁt

[ - -0

Using the data of Figure 2, E(n_l/ ¥ ZI:, is plotted as a function of ‘hzl 3 in Figure 3

73 J T and from this it is evident that

where it is seen that the relation is a linear one. The value of ﬁ obtained at 195°%K
from Figure 3 is 0.12 (min)-z/ 3. The ultrasonic frequency used in these frequencies
was 20me¢/sec and the purity of the aluminum was about 99.998%.

The interest in values of /)‘ arises from the fact that activation energies for
motion of the relevant point defects can be found from plots of log /@ as a function
of % because these curves should be straight lines with slope equal to (2/3)U
where U is the activation energy for the migration of the point defect effective in

the pimning process. If /6 is evaluated at two temperatures T, and T2 it can be shown

1
that the activation energy U may be obtained from the expression
T

1og /8 1)
T
U= 2
2z - 1)
3k T‘2 Tl

Measurements of this type have been made at 195°K and at 295°K. There are,

however, difficulties which we have encountered in interpreting the results of these



measurements because the activation energies obtained are unexpectedly small, The
values are such (order of 0.05 ev.) that they are only two or three times the value
of kT at 200%, and the meaning of an activation energy under such circumstances
would be questionable. Although the plot of Figure 3 fits the predicted linear re-
lation with time very well for a period of about 30 minutes there may be difficulties
with the temperature dependence. The derivation of the temperature dependence of p
may be more complicated than that which we have nsed. This matter remains to be
studied.

It was pointed out above that a rather surprising threshold effect was found in
connection with the recovery experiments at 195°K. In particular it was found, for
example, that a single crystal at 195°K had an attemuation of 04104 db/ /u. sec before
deformation, and that after small deformation the attemuation increased to 04138
db/ ,). sec where it remained constant for ten minmutes or more (i.e., no recovery).

Following this period in which no recovery in attemuation could be observed the
sample was again deformed, and the attenuation increased froam 0,138 db/ /A sec to
0e2254db / A sec which is obviously more than double the initisl value of 0,104 db //Aaec‘
Again no recovery was observed for z period of nine to ten mimites at which time the
load was removed; there was still no change in attenuation or any suggestion of recov-
ery, and the attemation value remained at 0a225db/ A sec. The sample was next loaded
and deformed a third timej the attermation went to 0.305 db/ /.A sec and this time re-
covery did occura After 4 minutes (with load on) the attermation recovered to 0,278
db/ }A sec, and the sample was unloaded - during unloading the attenuation rose slight-
1y to 0.290 db/ }ksac and decreased in less than an hour to 0.2l db/ A sec. After
an additional five hours time the value remained unchanged at 0a2l db/ M seca Figure

4(a) shows a rough plot of the events (in attemuation) just described.



A second recovery experiment of the same type (also at 195°K) showed the same
features as the one just described (Figure 4b) except that in this second case echo
time (velocity) measurements were made together with the attenuation measurements,

In each case where the attenuation increased during loading ihe echo time increased
as well (velocity decreased) and in each case where recovery occurred the velocity
also recovered. In those cases where the attenuation did not recover the velocity
also did not recover. In other words the velocity behaved as expected for a dis-
location change.

As to why the attenuation recovery does not occur at 195°K with small deform
ation it appears that there is a range of deformation in which either the point
defects necessary for repinning are not produced or released in sufficient numbers
or they are produced and are not mobile at this temperature. The latter supposition
seems unlikely, however, since with sufficient deformation recovery does occur. We
do not know at present whether this threshold of astrain for recovery has a temper-
ature dependence or not. It is possible that there are at least two types of defects
involved. If one of these two types of point defects is not mobile at this temper-
ature and the second type 1is mobile then it is only necessary to suppose that the
weaker pinning is provided by the non-mobile defect and that the dislocation breaks
away from this weaker pinning first for small deformation; the non-mobile defect can-
not repin., When the deformation is sufficient to break away from the stronger pinn-
ing, thereby releasing the relatively more mobile point defects, repinning can occur.
Another possibility is that the defects capable of pinning are produced by disloca-
tion intersections after a certain thresheld in strain. In other words the defects

become available only after a certain amount of deformation has occurred,
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Figure 4
Attenuation as a function of time after loading of samples, (a) #5, (b) #1, at 195%
Region of no recovery shown by flat steps following first (1) and second (2) deformations.
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2. Anomalous Velocity Effect .

Dislocation theory predicts an umisual behavior for ultrasonic velocity change:
at high frequencies. Normally, the effect of pinning dislocations in crystals is ar
increase in velocity of ultrasonic waves (. or elastic modulus) in the crystal,
Pinning reduces the motion of the dislocations, and therefore the anelastic strain,
so that only the purely elastic strain is measured in crystals with completely pinne
down dislocationg. However, it is possible, under conditions to be discussed here,
for the velocity or modulus to decrease with pinning of dislocations., The latter
effect will be termed anomalous. It is important both because an experimental checl
of this unusual prediction can be regarded as one of the strongest checks available
to the theory, and because of the possible applicatic f this effect to the study «
deformation and irradiation processess

The results of the relevant theory have already been used by Hikata, Chick,

(1)

Elbaum and Truell to account for the anomalous velocity change observed during
deformation of aluminum single crystals. Since that time the physical nature of th
cause of the effect has become clear, and a detailed and extensive examination has
been made of the rather special conditions required to obtain the anomalous effect.
At the same time a more complete mathematical description of the expected pimning
behavior has been made including velocity calculations having quantitative validity
at high frequenciess A comparison of this theory is made with the experimental
results available to date.

The origin of the effeet of dislocations on the elastic modulus and velocity
may be understood with the help of Figure 1. In Figure 1A, the straight line segnme
along the x-axis between x = 0 and x =,l represents a dislocation loop of lengthlf

which is straight when no stress is applied, When a stress is applied, the disgloca

loop bows out, but it is held back by the pinning points at the end, as in curve (1

12



of Figure 1A, If the stress is sinusoidal, with frequency )) , the displacement y(x)
is sinusoidal, with curve (1) representing the amplitude of the dislocation displace-
ments However, if the medium in which the dislocation segment vibrates is viscous,
there will be a drag on the dislocation tending to oppose the motion. In real crystals,
the viscosity is thought to be caused by the phonon gas through which the dislocation
is being driven. .

At low frequencies, the velocity of the dislocation is small, and the visdous
drag may be neglected. In this case, the motion of the dislocation is limited only
by the tension of the dislocation line, and a curve such as (1) of Figure 1A is ob-
taineds At high frequencies, the velocity of points of the dislocation line remote
from the pinning points is large, so that the viscous force is more important than
the tension force. The amplitude of motion then becomes viscosity-limited, and is less
than that obtained for low frequencies. Now, the dislocation segment oscillates over
most of its length as a rigid rod, except at the end points, where the displacement
is zero. The same transition in behavior from curve (1) to curve (2 occurs if the
ultrasonic or driving frequency is held fixed and the loop length is increased, or if
the frequency and loop length are held fixed and the viscosity is increased (for ex-
ample, by increasing the temperature and therefore increasing the density of lattice
vibration phonons)a

Curve (2), however, represents the envelope of the amplitude of the motion. At
any given instant therefore the shape of the dislocation displacement will not
appear as in curve (2)s The reason for this is that the phase of all points along
the line is not the same. These points near the pinning points have a small maximum
displacement and therefore a small veloeity so that the viscous drag is small, and
they are always in phase with the applied stress. On the other hand, points near the
middle of the segment are approximately 90 degrees in phase behind the stress for

»
&
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large viscous drags. As a result, the parts of the motion represented by curve (2)
which are out of phase and in phase with the applied stress are as shown in Figure 1B.
If the loop length [ is long, then the motion is out of phase (i.e.,lags behind by
nearly 90 degrees) over most of the loop length. The curve shown in Figure 1B also
represents schematically the shape of the dislocation segment at two times differing
by one quarter of the period of the motion.

In ultrasonic measurements, the out of phase and the in phase parts of the
motion are measured separately. The out of phase motion leads to attenuation and
the in phase motion leads to velocity changes of ultrasonic waves. The area under
the curve of the in phase part of the motion is proportional to the anelastic strain

contributed by the dislocation. The dislocation contribution to the strain is given

i Eui = 4 [ b g0 2x

where y/(x) is the real part of y(x), b is the Burgers vector, and 4is °an thus

be thought of simply as the area under the real part of the dislocation displacement.

P ald
The modulus change of the apecimen is given by Mo - MW ) — is, where M( w)

() el
is the modulus measured at frequencyu), and M_ is the modulus measured at infinite

frequency. E dig 1S the dislocation contribution to the total strain and £ ol 18
the elastic strain. Since the velocity of an ultrasonic wave is given by
V= ) Ay _ V-V, M
A7 Z zZ M,

where f is the density of the solid. This then represents the velocity or modulus

decrease of an ultrasonic wave in a crystal containing dislocations. As the frequency
is increased, this area decreases and the ultrasonic velocity therefore increases, as
the dislocation is no longer able to follow the rapidly varying external stress.

Such a dispersion has been observed in NaCl between 10 and 100 megacycles/sec by

Granato, deKlerk and Truell(? ) v

pu



Experimentally it is usually easier to vary the average loop length or resonant
frequency Vo than it is to vary the measurement frequency )) , as for example in
irradiation or in deformation and recovery experiments. If instead of varying the
stress wave frequency with fixed loop length, one varies the loup length with fixed
frequency, the anomalous velocity effect appears. Figure 1C shows how the dis-
placements of Figure 1B change when a pimning point is added. At low frequencies,
when a pimming point is added, the area of the in phase component of the displacement
is decreased, and so the ultrasonic velocity increases, i.e., ‘Av/vo decreases arnd
v(u) ) increases. However, at high frequencies, addition of a pinning point forces
the part of the dislocation near the newly added pinning point to be in phase with
the applied stress so that the in phase component of displacement pops out, increasing
the area, and decreasing the ultrasonic velocity. It is clear from Figure 1C that
the effect is in general a small one,since at high frequencies, only a small part of
the displacement is in phase with the external stressa If more pinning points are
added, the in phase component eventually becomes pinned out completely. As this
limit is approached the pinning points get close enough together to interact, giving
the normal velocity effect because the more pinning point regions that :;xre added the
more tension limited segments are added until a limit is reached. Also, from Figure
1C, one sees that adding pinning points to very long dislocation loops has little
effect on the attenuation when the motion over most of the length of the loop is
viscous drag limiteds Eventually, when the average loop length is made small enough,
the attenuation decreases with pinning.

In this way it is seen that for long enough loop lengths (or large enough fre-
quencies or large phonon densities or temperatures), velocity or modulus measurements
are sensitive to conditions near the pinning points while attenuation (or decrement)
measurements are sensitive to the viscous drag or specific damping caused by dis-

location-phqnon scatterings Under the specific conditions Just mentioned, velocity

15



measurements are especially appropriate for investigating dislocation - pinning point
interactions while attenuation measurements are more relevant for dislocation-phonon
interactions,

A quantitative theory for the attenuation and velocity of ultrasonic waves in
crystals containing dislocations has been given by Granato and Lucke(u). The model
is based upon the analogy between the motion of a dislocation loop and that of a
vibrating string proposed by Koehler(S). The results are given in the form of infinite
seriesa The first term of the series gives a sufficiently accurate deseription of the
attenuation. Because of the simplicity of this attenuation result, the effect of a
distribution of loop lengths on the result is also not difficult to obtain. For vel-
ocity, the first term of the series is also sufficiently accurate for frequencies up
to about that for which the inflection point appears in the dispersion curve. As
mentioned at the end of second paragraph, page8, for higher frequencies (where the
velocity reduction t;v/vo is small) the first term of the series is not quantitatively
adequate and a series expression must be used. However, calculations show that the
first term of the series still gives all the qualitative results, including the anom-
alous velocity effect. The effect of a distribution of loop lengths has not been
considered. Simple analytical results, giving explicitly the effects of the various
variables, will be used for the present discussiona

For the purpose of studying the effects of pinning or unpinning of dislocations
it is convenient to express the changes in attenuation and velocity in terms of loop
length or resonant frequency u_)o. We have chosen to use the variable y = -:—)32‘
whereLLLis the resonant frequency of the dislocation loops andlA) is the frequency

at which measurements are taken. As the loop length is decreased by pinning, ¥y

increases since the resonant frequency increases. Expressed in this way, the

16




attenuation becomes

O((y)=K.&)-‘2

L
& - 1 + (a/w)?
and the velocity change is given by

Dv_ =Y - YWy _y i 7% -1
v ( v ) w* 2 2 2
o o (7" - L+ (d/w)

d = B/A

where
K = E()_s.sa x 107 (5‘%2;) —%J
H = [_ﬂ. (heey 4—]
27 A
G is the elastic shear modulus, ﬂis the orientation factor, b is the Burgers vectar,
and A is the dislocation density. The factor 8468 x 10'6 is needed to give the
attemuation in the commonly used units of decibels per microsecond.

In the above, the parameter d is a measure of the damping. These curves for
various frequencies of interest are plotted in Figure 2 for an assumed value of the
damping constant d of 7,4 x 107 sec2.

For a given measurement frequency, as the resonant frequency of the dislocation
loops is increased by pinning, as for example with irradiation,from y = 1 the
attenmation decreases from a maximm value, while the velocity at first decreases
(anomalous effect), passes through a minimum and then increases (normal effect)a
The velocity curve has a minimum at yi =1+ d/y), at which point the attenuation is
half the maximum values This is also the point at which the decrement is a maximum.
One can locate on the velocity curves of Figure 2, values of y for an assumed initial
resonant frequency. For example, if ))o = 300 me/sec is assumed the velocity curve

for )j= 30 mc/sec would have y = 10 as the value of y at the start of irradiation

or deformation, By drawing a plot of the locus of all points for each assumed
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resonant frequency, one finds a set of curves such as those shown in Figure 2 for
150, 200, and 300 mc/sec.

The intersections of the second set of curves, shown on the velocity diagram,
with the curves just described, show the values of the velocity with respect to the
elastic value v, at each ultrasonic frequency for a given resonant frequency of the
dislocation loopss For example, if the resonant frequency of the dislocation loops
is VL = 300 mc/sec, then for all frequencies below about 20 me/sec, the valocity is
constant (i.e. independent of frequency), while for larger frequencies, the velocity
is higher. This describes the normal dispersion effect,

If, however, measurements are made at constant frequency with varying loop length
or varying&i);he curves (see also Figure 3) show under what conditions the anomalous
velocity effect occurss For example, suppose the resonant frequency of the dislocation
loops is 150 mc/sec to start with., If now the resonant frequency is increased to 300
me/sec by some pinning mechaniam, then the velocity inoreases at“;o me/sec, giving
the normal effect. At 20 mc/sec, the velocity at first starts out with zero slope
and then increases., That is, thqre 1s initially no change in velocity in spite of the
fact that the attenuation is decreasing rapidly ag a function of 0JL at this frequencys
for higher frequencles, the velocity at first decreases with pinning before increasing.
It is easy to see that the magnitude of the velocity reversal must be a small one.
Suppose, for example, that the velocity change measured at low frequencies is 1% (this
correspords to a 2% change in modulus, and larger changes arising from dislocation
damping changes are seldom seen at megacycle frequencies). Then from Figure 2, it is
eviden£ that the magnitude of the velocity reversal effect cannot be expected to be
greater than about 0.1%. Figure 3 is an enlarged section of Figure 2, and it shouws
somewhat more clearly the size of effect, or change in velocity, that one can expect

to the left of the veloeity minima for different resonant frequencies and various
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measurement frequencies. The exact size depends upon how far to the left of the
minimum the intersection of curves in Figure 2 or Figure 3 ocourss The effect of the
higher order terms in the series expression for the velocity, as well as the effect
of a distribution of loop lengths, will be to broaden out slightly the minimum and
to cause these curves to intersect the absoissa below y = 1. Figure 4 shows the cam-
parison of velocity fram the first term of the velocity expression from dislocation
damping theory(u)(é) and fhe velocity calculated from a series expression in which as
many terms were used as needed to insure & small remainder. The dashed curves of
Figure 4 (long and short dashes) are the values of £%¥ ocalculated from the serles
expansion. This does not change anything qualitativegy but has the effect of reduc-
ing somewhat the magnitude of the anomalous velocity effect to be expected.

From the above discussion, necessary conditions for observing the anomalous
velocity effect can be estalblished. One needs the resonant frequency to be low
initially (i.e.,large loup Llengths) and velocity measurements sensitive to at least
one part in 104. It might be thought that specimens of sufficlently high purity would
have long enough loop lengths. Attempts to find this effect in irradiated, undeformed,
high purity aluminum and sodium chloride have been unsuccessful, However, the effect
has been found in déformed orystalss Evidently, light deformation produces loop Lengths
of sufficient size. Deformation and irradiation (or recovery after deformation) can
be expected to give similar but oppositely directed changes. Irradiation or recovery
should produce pinning (i.e.,increasing y). On the other hand, deformation should
oroducs increased loop lengths for very small deformation (decreasing y), followed
by decreasing size of average loop length after large deformation. Although irradia-
tion or recovery experiments should be simpler physically because the dislocation
density does not change at the same time that the average loop length does, it socems,
at present, to be necessary to use deformation to produce suitable conditions. If alu-

minum single crystals can be made with higher purity and fewer and longer dislocations
in swoh s way as to make the loops longer by a factor of five the effect should be

observable using Co60 gamma irradiation.
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In this section we discuss first the results observed during deformation, and then
the simpler case of the changes which occur on recovery.

In Figure 5 results by Hikata, Chick, Elbaum and Truell(l), for the velocity,
attenuation, and stress as a function of strain are shown for an aluminum single crys-
tale The direction of polarization of the ultrasonic shear was such that dislocations
in the primary glide system were not seen by the ultrasonic wave. As a function of
deformation the velocity at first increases a small amount (a few parts in 104) be-
fore decreasing. Figure 6 shows this velocity reversal effect for three principal
directions in these specimens., Normally at low frequencies it would be expected that
the velocity should decrease with deformation since the dislocations produce an an-
elastic strain. However, this behavior and magnitude of effect is just what should
be expected if small deformation produces large dislocation loop lengths.

At high strains where the dislocation density becomes large, the normal reduc-
tion of velocity with deformation is found because the lengths are now much shorter.
This small velocity reversal is usually found in high purity aluminum, It should be

(vo - v(uh) Av
does not change signj the quantity

noted that Av/vo = v

vy - (W) Plotted in Figure 5 refers not to Vs the purely elastic velocity, but

AEY

to A measured initially before deformation. The value of Vo the purely elastic

velocity, for a perfect aluminum crystal is not known. Presumably the value of \A
lies somewhere above any point of the curve. The observed effect is consistent with
the expected anomalous effect. No other explanation of the observed behavior has
been found.

It might be expected that, if the deformation were stopped in a strain interval
where the velocity reversal was taking place, the pinning which would occur during

recovery and as a function of recovery time should show the anomalous effect more
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definitely. This is difficult to arrange at room temperature in aluminmum because
recovery occurs so quickly, Presumably, recovery occurs as a result of pinning of
dislocations by the deformation induced point defects(7) « However, in NaCl, recovery
is slower at room temperature, and an example of work in progress by Hikata, et. ale
i_s shown in Figure 7.

Here the results of the recovery, under no load, of velocity and attenuation in
NaCl after a small deformation are shown. As in the case of aluminum, there is a
velocity reversal during deformation. This is not shown here? During recovery, the
attermation decreases from the very beginning, s)howing that pimning is occurring, tut
the velocity does not change for at least several minutes. After a time delay, the
velocity increases in the normal way. The total velocity change is small (several
parts in 10”). This is the behavior expected if the starting point is near the minimum
of the velocity curve in Figure 2 or Figure 3,

It is believed that the verification of these predictions of the theory con-
stitutes one of the strongest tests available of the validity of the dislocation
damping theory. It is expected that the effect can be used with profit in the study

of deformation, recovery,and irradiation processes.
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Figure 1
Displacement of a dislocation under stress, schematic.
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3. Deformation in Ionic Crystals

This section on the deformation of ionic cerystals includes discussion of certain
results obtained from measurements of ultrasonic attenuation and velocity as well as
electrical conductivity measurements and load-strain measurements. All of these
measurements were made concurrently during deformation. Despite the fact that the
ultrasonic measurements and the conductivity measurements compliment one another and
provide more information than either would do by itself, we have chosen to present
the results separately because the discussion seems clearer this way. As a con-
sequence this section is divided into parts (a) and (b); part (a) is concerned main-
1y with dislocation damping in sodium chloride during plastic deformation and part (b)
is concerned with an electrical charge study in sodium chloride during plastic
deformations

Part (a)

Sodium chloride single crystals have been deformed in tension, at room temperature.
The specimens used have a rectangular cross-section 6mm X 25mm and were about 100mm
longs The external surfaces were perpendicular to <100> type direction (they were
bounded by {100} type planes)s The tensile stress was applied parallel to the long
axis of the specimen, i.e.,along a <100> type direction. For this direction of the
tensile stress, four slip systems, each consisting of a {110} plane and a <110> direc-
tion contained in that plane, are equally stressed in shear. For the geometry chosen
here, plastic glide is expected to occur predominantly on two of the four equally
stressed systems, as shown in Figure 1. This is so because for the two "expected"
slip systems the slip path is considerably shorter (four times, in this case) than
for the two ™unexpected™ slip systems.

When a longitudinal wave is propagating in the z direction of Figure 1 (direc-
tion of the applied tensile stress) it will have sheér stress components in the same

slip systems as the tensile stress. This wave will, therefore, interact with dis-
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locations in these slip systems and the attemuation changes of the wave, upon plastic
deformation, will reflect changes in the density and loop lengths of these disloca-
tionss A longitudinal wave propagating along the y direction in Figure 1 will not
have any shear components in the two Mexpected® slip systems, but will have such she:
components in the other two (the “unexpected") of the four equally stressed slip sy=-
tems. Changes in the attenuation of this wave will, thus, reflect changes in the
density and loop length of the dislocations in the two “unexpected" slip systems,
but not in the two "expected" ones.

Following this scheme, two longitudinal waves, with a frequency of 20Mc/sec,
were propagated in the indicated directions and are labeled 1 and 2 respectively;
the position of the quartz transducers are shown in Figure 1, The changes in the
attermation of these two waves were measured simultaneously by means of two separate
ultrasonic sttemuation units while the specimens were deformed in tension at a strai:
rate of 0.002in./min..The relationsbetween stress and strain and the corresponding
changes of attemuation with strain, obtained during these experiments, are shown in
Figure l. Essentially identical results were obtained on four specimens. The atten
uation of wave 1 increases monotonically with strain, as expected from the proposed
model of deformation. The attenuation of wave 2 increases very slightly for small
deformations, then decreases below the original value, reaches a minimum and starts
inoreasing again slowly.

The interpretation of the behavior of wave 2 is based on the following reason-
ing. The ecriterion for predominant slip on the systems with the shorter slip path
does not become meaningful until dislocation motion has occurred over distances com-
parable to the shorter slip path. Before this condition is fulfilled, slip may be
expected to occur (in small amounts) on all four equally stressed slip systems.

The small increase in attemuation of wave 2 is attributed to the initial increase
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of the dislocation loop length in the "unexpected" slip systems, which is detected
by this wave. For further deformation, after a small amount of strain hardening,
dislocation motion stops in the “unexpected™ slip systems, but the attenuation 2
starts to decrease. This decrease is attributed to a shortening of the average dis-
location loop length in the two "unexpected™ slip systems, due to many intersections
by moving dislocations in the two "expected® systems, where plastic glide continues*.

The attenmation starts to increase again when the two “unexpected" slip systems
begin to contribute to the plastic deformation. This view is supported by the fact
that an increase in the rate of strain hardening (an inflection point in the stress-
strain curve) coincides with the minimum in attenuation of wave 2. Ultrasonic vel-
ocity measurements of wave 1, carried out concurrently with attenuation measurement,
showed a normal velocity decrease as a function of inereasing strain at this stage
of deformation.

The following conclusions, are readily drawn from the results of this study.
(1) Plastic glide in equally stressed slip systems of sodium chloride single crystals
depends on the length of the slip path. (2) A method has been found for studying
the effect of dislocation loop length on damping, for an approximately constant dis-
location density« (3) The ultrasonic attenuation of a crystal (the part that depends
on dislocation damping), along some crystal directions, can be decreased by small

amounts of plastic strain, when the deformation geometry is properly selected.

* This is believed to be the only instance of dislocation damping measurements, made
during deformation, under conditions such that the loop length is decreased, while

the dislocation density remains essentially unchanged. In previous studies, shorten-
ing of loop length, without changes in dislocation density, was achieved by means of

Cobalt 60 gamma ray irradiationa
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The study of ultrasonic attermation behavior discussed here is part of a larger
investigation which includes the study of the electrical charge associated with dis-

locations in alkali halides,
Part (b)

Electrical charges developed during plastic deformation of alkali halides have been
the subject of several recent studies,

The deformation-induced charge flow was first reported by Stepanow(S) in 1933, who
acoidentally found, during his experiments on conductivity change of sodium chloride
due to plastic deformation, a potential difference between the ends of the specimen in
the absence of an applied field. The charge dissipated through the measuring circuit
over the temperature range from 30°C to 170°C depended on the shape of the specimen,
Although Stepanow could not explain this effect, he was able to make it negligibly
small (by proper choice of experimental conditions) during his conductivity measurements.

In 1955, two reports concerning the charge effects appeared. Caffyn and Gogdfello&9)
investigated NaCl, KC1, NaI, KI, and KBr single crystals from various sources and found
a potential difference between the electrodes on the surfaces of all the crystals upon
the application of a compressional stress, though the amount of the potential differed
from one crystal to another. The effect was temperature independent up to 180°%C hut
then decreased with increasing temperature, being almost negligible at 250°C. They
interpreted this charge effect as a result of local stress inhomogenities at the
surface without giving any specific mechanism.

Fischbach and Nowick(lo)

studied NaCl single crystals under compressional stress.
In this case, however, the deforming load was applied to a smaller area on one face
of the specimen than on the other in order to produce purposely inhomogeneous deforma-

tion, Under this stress gradient, negative charge flowed in the external circuit away
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from the side of the crystal to which the higher stress was applieds Even under
applied electric fields as large as 103v/cm, the difaction of the initial charge flow
produced by deformation was determined by the sense of the stress gradient rather
than by the direction of the applied electric field. The ocurrent was transient and
decayed with time in an approximately hyperbolic manner, and was observable for a time
of the order of minutes when the stress increment which had produced it was left ona.
There was no appreciable current in the reverse direction even on removing the total
load from the crystale Successive cycles of removal and reapplication of load pro-
duced suscessively smaller effectss From this experimental evidence they concluded
that the charge carriers must be charged dislocations.

Fischbach and Nowiok(™1)(1958) extended the sbove work and included a study of
the conductivity change due. to deformations They showed that the observed charge
effects could not be explained by a contact potential difference, by thermal effcuts
due to the deformation, or by diffusion in the stress gradient of free vacancies
produced by the deformation. Their reasons for suggesting charged dislocations are
as follows: Jogs on an edge dislocation line in NaCl may have an effective charge
of * e/2, the sign depending on whether the Jog ocours at a positive or negative ion

<12). In the normal state of the erystal, a dislocation line

ag suggested by Seltz
is expectéd to have as many negative am positive Jogs and therefore to be electrical-
ly neutral. However, when a disloocation line is in motlon, vacancles may “evaporate®
at a Jog, thereby changing the sign of the charge at the jJog. Thus when a negatively
charged Jog generates a positive-ion vacancy, it becomes a positively charged jog.

A dislocation in motion may be expected to have equal mmbers of negative and positive
Jogs only if cation and anion vadsnoies are formed with equal ease. The calculatlons
of Mott and Littleton(ij) indiocate, however, that the energy required to form a neg-

ative-ion vacancy is somewhat. larger than that required to form a positive-ion vacancys

33



Therofore, a moving edge dislocation line may be expected to acquire a net positive
charge due to the preferential loss of positive-ion vacancies from jogs. These
positively charged diglooations move into the crystal from the regi’ons of stress
concentration leaving béhind a net excess of (negatively charged) cation vacanciec".
Although the above reasoning should be reexamined from the point of view discussed
later, their effort in establishing the fact that the charge carriers in deformation-
induced charge flow in NaCl are dislocations, should be strongly emphasized.

Based on thc caloulation by Mott and Littleton mentioned above, Frenkel(lu)
(1948) and Lehovec(ls )(1953) independently arrived at the same conclusion that, when
the temperature is raised from absclute zoro an excess of positive-ion vacancles is
emitted from the surface into the orystal, loaving a net positive charge on the sur-
face. That is, in equilibrium the bulk of the crystal is electrically neutral, but
there is a positive charge on the surface, balanced by an equal and opposite negutive
charge cloud penetrating some distance into the erystal, Eshelby et al(lé) (1958)
made the important advance of suggesting that a similar space charge should occur
around a dis’l‘ocation, since jogs at dislocations can serve as sinks and sources for
vacanocies within the body of the orystal. They showed, furthermore, that in lonic
crystals dislocatlons should generglly be charged and be surrounded bty a cylindrical
Debye-Huckel, cloud of the opposite sign. As a result of the above a substantial part
of the oritical shear stress of suoh orymtals is attributable to the electrostatic
attraction between a dimlooation and the surrounding charge oloude In the oourse of
the analysis they introduced the concept of the ") goelectric point p". This point
ocours at a temperature for which the concentration of positive-ion vapancies, that
would obtain in the absencﬁ of impurities and without tho requirement of «sjmotrioal

neutrality, becomes equal to the actnal concentration of the positive-ion vacancless
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At the temperature of the imoelectric point dislocations are uncharged and the yield
streas vanishes.(agsuming that the yleld strength of an ionie crystal is determined
entirely by the electrostatio interaction between the charged dislocations and charge
cloud surrounding them), The results they obtained in the experiments on temperature
dependence of yield stress of NaCl crystals showed the isoelectric point to be at
320°K. This led to the conclusion that the free energy of formation 6f positive-ion
vacaney in NaCl is less thdn 0,6 eV, unless the divalent impurity concentration is
less than about 10"9. Even if some of the impurity is precipitated such a value
would seem unreasonably low, as they stated., According to thls model, however, dis-
locations in equilibriun in an ionic orystal already poassess:an excess of charged
Jogs of one sign; it is not necessary for dislocations to be set in motion in order
to acquire a net charge, contrary to the model proposed by Fischbach and Nowick
mentioned above.

Amelinekx, Vennik and Remaut(17)(1959) examined NaCl crystals under cyclic bend-
ings They first bent a crystal statically introducing excess dislocations of one
mechanical sign, and then brought the specimen into vibration in the frequency range
of 10-100c/8« The charge observed on the electrodes placed on the concave as well
as convex side was of the same sign for each half cycle (strailghtening or further
bending) of the alternating stresss They made no statement about the sign of the
charge on the dislocations,

- In an extension of the above work, Remaut, Vennik and Amelinckx(18>(l960) re-
ported that the electrical signal decayed in amplitude during continued stressinga
When the orystal was left at rest for some time, the signal returned approximately
to its origingl valusme The electrloal signal was only cboervable if tho amplitude
of vibration exceodod a certain critical value. All these experimental facts were

explained qualitatively by themodel that positively charged dislocation oscillates
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relative to the charged vacancy cloud surrounding them,

Sproull(19)(l960) took{a different approach to this problém. He applied instead
of stress, a strong electric field to a bent erystal of LiF, and studied the motion
of dislocations due to the field through the change of the bend. The experimental
facts showed that the sign of the charge on the dislocations was positive. This means
that , following Eshelby et al.<16), the "isoelectric point™ must have been below the
experimental temperature (room temperature). Plaoing the isoelectric point at 0°C,
and using the value of ahout lo'ne.s.u./cm as the amount of charge on a dislocation,
which was deduced from the experiments, Sproull estimsted the energy of formation of
positive-ion vacanoy to be 0u3 eVe This value is again unreasonably low compared
with what is acccpted at present (about 0.6 eV)a.

Remaut and Vennik(zo)(l96l) studied NaCl crystals under cyclic bending, tension
and compression on bent specimens and pulse stressing. For crystal tested under
cyclic bonding, a marked difference in amplitude dependence of electrical signals
was found between an unannealed specimen: and one annealed at 600°C for 48 hours after
the static bending. The electrical effect was much smaller and showed little ampli-
tude dependence in the bent and then annealed specimen, Tension and compression
tests on bent specimens showed that the electrical signal coming from opposite faces
(concave and convex faces) of the specimen were of opposite sign, dontrary to what
was observed during oyolic bending. However, no mention was made of the relatlonship
between the sign of the signal, the face where the signal was developed,and the polar-
ity of the stress (tension or compression)a The shear stress at which the electrical
signal started to inorease rapidly wasm approaimately 753/mm?.

Vennik, Remaut,and Delceyeer(zl)(l%l) extended this worke It was stated in
this report, for the first time, that moving dislocations behave as if negatively

charged. From the experimental facts that doping with ca™ 1onz had no effect on the
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sign of the signzl and on its magnitude, although other tests, such as ionic con-
ductivity, absorption spectra after irradiation, showed a marked influence of im-
purity, they concluded that the uptake of positive-ion vacancies by moving disloca-
tions rmust not be considered am an explanation for the origin and sign of this effect.
Instead, they suggested that the negative sign of the dislocations results from the
boiling off of an excess negative-lon vacancies during the movement of the disloca-
tions, wiﬁhout giving any theoretical basiss It is also reported that if the specimen
was deformed by two different saw-tooth pulses of the same amplitude but of different
duration, then signal corresponding to the puiue with longer duration was larger

than the other.

Rueda and Delwyaer(zz)(l%l),(23)(1961), (24) (1963) carried out a series of

indentntion tests on ionio orystals containing various concentrations of positlve

and negative divalent lonss Thay reprodused Fisohbach and Nowiok'a" ")’ (' oxpari.
mental arrangements and confirmed that the polarity of the electrical signal observed
depended on the degree of the surface roughness at the bottam where the electrode was
placeds Doping the orystal with CdOL, up to 042% did not affect the sign and the
magnitude of the charges Doping with Na,0, of 0.2% reduced the magnitude of the
signal considerabl%r and addition of 1.0% Na202 reversed the sign completely. The
measurenents made by placing the elmctrode on varlous portions, relative to _tha
indentor, of both top and bottom surfaces of the specimen showed some uncertainty
between the results as far as the sign of the charge is concerneds Nevertheless they
concly.ded that dislocations asquire negative charge during their motlon by prefer-
_ ential uptake of vacancies of one sign, agaln without presenting any theoretical
basis.

Caffyn and Good.fellow(zs ) (1962) carried out four-point bending tests of NaCl.

In this came, however, the specimen wes aleaved in half and glued together again with
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an Araldite cement containing powdered silver which served as an electrode lying on
the elastlc neutral axis, Potential difference was measured between the electrodes
placed on the surface 61' the composite specimen and the one lying or.the neutral axis,
The remults were that both the concave and convex faces of the specimen were always
positive with respect tp the eleotrode at the neutrsl axise In order to explain

this effect they propomed the following model for the arrangement of dislocations in
a bent specimen: "Since the stress in bending is largest at the surface and is zero
at the neutral axis, dislocations of one mechanical sign move outwards and escape at
the surface, whiié dismleoations of the other mechanical sign move inwards and are
stopped before reaching the neutral axis, provided the strosses just exceed the yleld
gtresse These considerations apply both to the concave and convex sides of the spec-
imen, Tharefore the number of dislocations th;t move away from the neutral axis and
escape Lo the surfaces is iarger than the number that move towards the neutral axis.
If dislocations carry a nat charge of one sign, then the charge mst. be trapaferred
towafd the surface," Trom these considerations they concluded that the sign of the
charge carried by dislocations is positives The model concerning the dislocation
distribution in a bent cfystal was confirmed independently by observations of
birefringenae.

Caffyn and Goodrell,ow(26) (1962) extended the work further, using compression
tests, to determine the effect of specimen size and shape, effect of rate of loading
and the charge-strain relationship. Although they could not determine the sign of
the charge on the dislocations by this method, they established that the stress at
which the electrical signal begins to increaae rapidly, corresponds closely to the
macroscoplc yleld stress of the specimena It is also reported that the magnitude of
the potential effact was directly proportional to the rate of the loading, contrary

(21)

to the Vennik, Remaut, and Dekeyser's results.
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Caffyn and Goodfellow(27)(l962) made a comment on the sign of the charged dis-

locations in NaCl. Although these authors obtained the same polarity of the electrical

signal as that of Rueda and Dekeyser's(zz) indentation tests (opposite to the results
observed by Fischbach and Nowick(lo)(ll)), they tried to explain the results from
the point of view that dislocations carry a net positive, instead of negative charge.
The argument simply depends on the matter whether dislocations come towards the in-
dentor or move away from the indentor. So far, this problem does not seem to have
been explained in a satisfactory manner.

Bassani and Thomaon(?‘s)(l%é) examined the association of positive-ion vacancies
and various types of impurities with unjogged edge dislocations in NaCl., According
to their calculation the vacancy has an association energy of 0.4 Yo eV, but im-
purities, both monovalent and divalent, have smaller association energies. This
consideration led to the conclusion that the positive-ion vacancies will be pinned

to the core of the unjogged edge dislocations and produce an excess negative charge

theres In fact, their calculation indicates that vacancies of both signs have approx-

imately the same association cnergy with dislocations. An excess of positive ion

vacancies on the disglocations would have to come from the larger concentration of

these vacancies in the crystal. However, in the presence of positive divalent impuri-

ties, thase vacancies will combine with the impurities to form a neutral complexa

Thus, one is led to expect a positive charge on the dislocationse In any case, once
the dislocations break through the vacancy cloud surrounding them, upon the applica-
tion of stress, these dislocations no longer have a net charge. Moreover, since the

present study is concerned with the charge brought by dislocations to the surface,

the configuration discussed by Bassani and Thomson is not likely to apply in this case.

The argument by Remaut(29)(l962), based on the work of Bassani and Thomson, on nega-

tively charged dislocations c¢an be disregarded.
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Koehler, Langreth and ven mtovﬂ.ch(”) (1962) have recent]y extended the theoret-
1cal work of Eshelby et &(16) by =dlving the non-linear equation which gives the
potential distritution in an ionic crystal and by proposing boundary conditions appro-
priate at a dislocation cores The results of this work indicste that the dislocation
charge is positive at elevated temperatures and becomss negative.at low temperatures.
The tupumtuﬁ at which the change of sign occurs decreases with decreasing concen-
tration of positive divalent impuritiess In these calculations, however, no account
is taken of positive ion vacancy and impurity associations, and of possible impurity
preciﬁitati.on. The numerical value of the charge calculated for the room temperature
and for an-impurity concentration of 10-5 s 1s unreasonally highy this point is acknowl-
edged by Koehler et alsy It is obvious from the above considerations, that the problem
is far from being settled and that further work on this subject is neededs

The above discussion indicates clearly that serious uncertainties, both in ex-
periment and theory, still exist on the subject of disllocation charge in alkali halides
The only unambiguows conclusion to date seems to be that an electrical charge does
indeed develop during plastic deformation and that this charge is associated with
moving dislocationsa.

The present study was undei-taken in an attempt to clarify same aspects of this
problem, In particular, it should be pointed out that screw dislocations are not
expected o he charged, because of the geometrical configuration. One of the immed-
iate purposes of this investigation waz to verify this assumption experiwmentally,

"Optical quality® sodiwm chloride mingle orystals, supplied by the Harshaw
Chemical Company, have been msed throughout this studys These orystals were not doped
intentional’ys their inpnﬁty content. 1z not known to us. The specimens have been
deformed in temsion parallel to their long axis at room temperature, with a stragn



rate of Ognjlun/mhu using an Instron tensile testing machine. The external surfaces
of the orystal were perpendteular to (100) type directions (they were bounded by { 100}
type planes)s The experimental arrangement iz shown in Figure 2« This specimen gech-
etry was selected for the following reasonse When a tensile stress is applied to a
sodimm chloride crystal along a (100) direction, four slip systems, each consisting
of a {110} type plane and a (110) type direction contained in that plane, become
equally stressed in shear., For the geometry chosen here, plastic shear strain is
expected to occur predominantly on two of the four equally stresged systems, as shown
in Figure 3. This iz mo0 because for these two systems the slip path i= considerably
shorter (four times, in this caze) than for the other two. Two independent checks
have confirmed the corrections of this assumption, as discussed later ona

Flectriosl potentials with respect to ground were used as a measure of the
amount. of charge developed during deformation, Two arrangements for the measure-
ment of charge are used depending on the purpose of a particular experiment. In one
series of experiments the charge is measured simultaneonsly on one wide and one narrow
face, In another series of experiments the charge is measured on the two wide faces.
Two electrodes ars produced by spreading a thin layer of conducting silver paint over
an area of about Jmn x 10mm in the locations shown in Figure 2, Theme electrodes are
connected to two electrometers (Kiethley type 61O0A)* by means of two 6 feet long co-
axial cables having a capacity of approximately 30,7;1?/:1;. In all cases the inte.
grated charge is determined as a function of strain,

Ultrasonic attermation measurements have been carried out during deformation
(cdncun'errhly with charge measurements) in order to verify the validity of the assump-
tion conosrning the "expected” and “unexpected® slip systems, The details of this

* The irgmt Lmpedance of the electrometers is L0 ohms,
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part of the study were reported elsewhere'X), It is sufficlent to memtion here that
the correctnemm of the above hypothesis waz confirmed by this methode The specimens
were also viewed in polarized light, during deformation, in order to verify whether
slip detectable by this method appeared on the "unexpected® slip systems A low power
microscope with a linear magnification of 20 was used for this purpose. Here again
the results were consistent with our hypothesis,

Figure 4 shows the stress-strain, and charge-strain relationship found in the
first series of experiments, The charge developed on the wide face increases rapidly
with deformation in the beginning and then goes through a maximumm. A much smaller
amount of charge, which rapldly approaches a limiting valne, also appears on the narrow
face of the specimens Several experiments performed in this manner have given results
in agreement with the above, in so far that the absolute value of the charges developed
on the narrow faces of the specimen were much smaller than those on the wide face of
the specimen*s However, the sign of the charge measured was positive in some cases
and negative in other cases and no systematic behavior was observed.

This ambiguity was resolved by the second series of experiments. In these ex-
periments the charge was measured on the two sides of the crystal independently tmt
simultaneouslys. The results of one of these experiments was shown in Figure 5. In
this case charges qi‘ opposite sign -are found on opposite faces of the same specimena
Strain measurements on both sides of the specimen‘revea.led that the crystal was
slightly bent before the experiment, and the negative charge appeared on the concave

side of the bent specimen. Anothér experiment performed in the same manner gave

* In one case mevere kinking of the specimen was observed and a reversal of charge

was recorded; these results were discarded.
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essentially the same results (the negative charge was again obmerved on the concave
side).

In view of this observation, séveral experiments have been performed in which
the specimens had been intentionally bent around the Y axis (see Figure 3) to a radius
of about 1 meters A four point bending jig was umed for this purpose. After the
intentional bending, one of the side faces of the specimen (concave or convex side)
is scraped with emery paper over the area to be covered by the electrode (about 045 cmz)
thus introducing additional surface sources of dislocationss Electrodes are painted
over the scraped area as well as on the opposite side of the specimen. After these
treatments, the specimens were subjected to a tensile stresss Figure 6 shows the
results of an experiment using a specimen which had the scraped area on the concave
faces As soon as appreciable plastic flow started, both the concave and the convex
sides developed positive charges As plastic deformation continued the charge on the
concave side changed sign, and eventuslly reached a large negative value, comparable
with the charge observed on the concave side of accidentally bent specimens, On the
other hand, the specimen having the convex side s¢raped did not show the reversal of
the sign of the charge, as shown in Figure 7.

In the experiments performed so far, shorting out of the accumulated charge on
one electrode did not affect the charge accumulated on the other electrodes. At
room temperature the accumulated charge did not show any measurable recovery over a
period of hourse

It is also found that the negative charge is always larger, in absolute value,
by a factar of 1«5 to 2a The total integrated charge corresponds to a measured

010 1

voltage of 10 t0 30 volts or 2 x L to 6 x 10 0 electrionic charges/ en® (either

positive or negative, depending on the side)a
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Three definite charge characteristics have been observed in this study:

1) The charge developed on the narrow face of a specimen is always much smaller than
that on the wide face of the specimen.
2) Whem a slightly bent specimen is mtressed in tension, negstive charge appears on
the concave side of the specimen ard positive charge appears on the convex side of
the specimen.
3) The nmgative charge observed on the concave mide of a bent specimen is always
larger, in abmolute value, than the positive charge on the convex side of the specimen
in the early stages of deformation (up to about 0.5% strain)a

These charge characteristics during deformation of sodium chloride may be ex-
plained in the fallowing ways

The dislocation gecmetry in the "expected" slip systems impliss that when these
two systems operate, edge dislocations move toward or away from the wide faces and
sorew dislocations move toward or away from the narrow faces of the specimen, as
shown in Figure 8a Under these conditions, and in view of the fact that the screw
dislocations are not expected to be charged, charge due to moving dislocations should
appear on the wide faces only, However, when the tensile stress is first applied,
same dislocation motion is ekpected to take place in all four equally stressed slip
syatemss This iz mo because tha criterion for predominant slip on the systems with
the shorter slip path doem not became meaningful until dislocation motion has occurred
over distances comparable to the shorter slip path. Before this condition is ful-
f£illed, slip may be expected to occur (in small amounts) on all four equally stresmed
xlip systemm. Hence, at the very early stages of deformation some charge may appear
on the narrow midas of the specimen. As deformation proceeds, slip pccurs predati-
nantly on the "expected™ slip sywtems ami not on the ™unexpected™ ones, becamse of
the difference in the slip path, am discussed in the previous mection. Thus in later




stages of deformation, the amount of charge should be much smaller on the narrow
faces than on the wide faces. This is exactly what is observed in the first #eries
of experiments in this study and provides an explanation of observation 1) above.

In order to explain the observations 2) and 3), it is necessary to assume that
edge dislocations carry positive charge. Based on this assumption, the following
model is proposeds During bending (accidental or otherwise) the dislocations of one
mechanical sign, labeled A in Figure 9, migrate toward the neutral axis of the speci-
men cross-secrtions The dislocations of opposite mechanical sign, labeled B in Figure
9, move toward the external surfaces and may escape from the specimen., In this case,
however, some piling-up of dislocations beneath the surface is expected, because
the escape of dislocations is equivalent to the formation of a step on the surface
(the "slip step")s Hence, work in addition to that required for moving dislocations
must be done in order to supply the extra surface energy of the step, compared with
the =mmoeth surface. Thus in a bent specimen, the dislocation distribution is expect-
ed to be such that there is an excess of "type A" dislocations near the neutral axis
and excess "type B dislocations near the external surfaces., Caffyn and Goodfellow
(13)(25) have proposed a similar model for a bent crystals

The device used in the deformation experiments is such that when a temsile force
18 applied to a bent specimen, in a direction parallel to the chord, a bending moment
tending to straighten out the specimen and an overall tensile stress will result. A
tensile componemt must, therefore, be added to the tension on the concave side and
to the compression on the convex side of the specimen, which is undergoing straight-
ening due to the bending moment. The result is that both the convex face and concave
face will be subjected to a net tensile stress (of different magnitude), as shown
in Figure 9. Under the influence of a tensile stress, the dislocations labeled B

(originally piled up bemeath the surface) will move away from the concave face toward
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the centers The negatively charged atmospheres of these dislocations are left near
the gurface, resulting in a negative charge on the concave side. The dislocations
of type B, piled-up beneath the convex face, move out and give a positive charge on
that sides The dislocations of type A, (originally piled-up near the center) move
away from the convex face - toward the center when a tensile stress is applied to
the specimens In this case a negative charge should result on the convex side and
a positive charge on the concave sides It should be noted, however, that from the
model proposed here the number of type A dislocations moving away from the convex
side is smaller than the number of type B dislocations moving toward this side. A
net positive charge should, therefore, appeer on the convex side in the early stages
of deformation, Similarly, the number of type B dislocations moving away from the
concave side is expected to be larger than the number of type A dislocations moving
toward it and a net negative charge should appear on the concave sides

Furthermore, as mentioned above, the net tensile stress is larger on the concave
side and the mumber of dislocations moving away from this side is expected to be
larger than the mumber leaving the crystal out of the convex side. This results in
a larger negative charge, in absolute value, than the positive charge.

Thus the model proposed here together with the assumption that the edge dis-
locations carry positive charge are consistent with the observed results 2) and 3)
mentioned above. Attempts to explain the résults on the assumption that the dis-
locations are negatively charged were not successfula-

The charge developed in the early stages of deformation is not thought to be
associated with point defects carried to the surface because of the systematically
observed positive and negative charge on opposite faces of the specimen. There is
no reason to assume that charge point defects of a particular sign will migrate to

or will be carried systematically to the same side of a bent crystal.
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The results on the scraped specimens may be explained in the following way.
When the surface is scraped, dislocation sources are introduced. It is assumed
that, for any particular size of loop, equal numbers of dislocations of each mech-
anical sign will be introduced. Hence, upon the application of an external stress
(the tensile stress in these experiments) equal numbers of loops of a particular size
will tend to move toward the surface (out of the crystal) and away from the surface
(into the crystal). However, the work required to move a loop of given size into
the crystal is larger than that required to move a loop to the surface, because in
the first case the total length of dislocation increases, whereas in the second case
the loop is made to shrink. Morecver, the step on the surface (the slip step) asso-
ciated with the dislocation loop decreases on moving the dislocation to the surface
and increases on moving the dislocation into the crystal. Thus, additional work is
required to expand the loop moving into the erystal.

It is assumed, therefore, that loops of a particular size and of the mechanical
sign corresponding to the dislocation moving toward the surface will be activated,
on the average, (or at lower stress levels) before those moving into the crystal.
these loops will contribute a positive charge regardless of the charge developed due
to the dislocation present in the erystal before bending. On the concave side a
positive charge is thus observed at the start of plastic strain. This charge is sub-
sequently reversed due to the piled-up dislocations and to the dislocations from
surface sources which move into the crystal, while the surface sources that contrib-
ute dislocations moving toward the surface are being exhausted. On the convex side
of the specimen, the dislocations from the surface sources merely add to the positive
charge in the first stages of deformation.

The experimental result yet to be discussed is the maximum and the saturation

(in absolute value) observed in the later stages of the charge-strain relationship.

k7



(For example, the case such as Figure 4 for maximum and the case such as Figure 6 for
saturation). Since the measurement refers to the accumulated charge on the electrodes,
a decrease in absolute value can be accomplished either by carrying the charge away
from the electrodes or by cancelling it with a charge of opposite signe Strain meas-
urements on both sides of the specimen revealed that at the stage of deformation where
the maximum appears, the process of straightening out the originally bent specimen
is completeds This means that there is no longer a distinction between the concave
and convex sides. Therefore, at this stage, dislocations may move from the originally
convex side, to the center, leaving a negative charge, while dislocations of the same
mechanical sign move toward the originally concave side, bringing positive charge to
that side. Under these circumstances the maximum in the charge-strain relationship
should be observed.. It should be pointed out here that the dislocations responsible
for this process are not expected to be the ones newly created during the deformation
for the following two reasonss Firstly, negatively charged atmospheres are not likely
to form around these dislocations, in the course of the experiment, because diffusion
of vacancies of a particular sign is involved, whereas at room temperature sufficient
diffusion is not likely to occur. Secondly, the saturation of charge beyond a certain
value of strain, observed in several cases, strongly suggests that intersections dur-
ing the deformation do not produce a net excess of charged jogs of a part.icular sign.
The formation of atmospheres around freshly created dislocations as well as the net
axcess of charged jogs of a particular sign on the "new™ dislocations will be a fune-
tion of strain rate and temperature. This aspect of the problem has not been explored
in this study.

It is found that a charge is observed only on the crystals where edge components
of dislocation loops emerge during plastic deformations In the tensile experiments

of a bent specimen (accidentally or intentionally) negative charge appears on the
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concave side and positive charge appears on the convex side, and the negative aharge
is larger, in absolute value, than the positive charge, in the early stages of
deformations A direct determination of the sign of the electrical charge carried
by edge dislocations was not accomplished in this study. However, the assumption
that edge dislocations in sodium chloride carry electrical charge of positive sign
and the model for the distribution of dislocations in bent crystals are consistent

with results obtained in this study.
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Figure 5
Charge-strain and stress-strain relationship of a bent sodium chloride specimen
(charge in arbitrary units)

54



Charge on convex face

Figure 6
Charge-strain and stress strain relationship of a bent sodium chloride specimen.

The electrode on the concave face was placed over an area scraped with emery paper.
(charge in arbitrary units)
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Figure 7
Charge-strain and stress-strain relationship of a bent sodium chloride specimen,
The electrode on the convex face was placed over an area scraped with emery paper.
(charge in arbitrary units)
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Figure 8
Dislocation loop on an "expected" slip plane, schematic,
b: direction of Burgers' vector.

57

I I




convex side
Net Charge — positive

Figure 9
Dislocation distribution in a bent sodium ¢hloride specimen, schematic.
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s Stress Cycling of Single Crystal Aluuminum !

Stress cycling of an aluminum single erystal has been carfied out in several
tests. The cycling has been done in tension and compression and the attenuation as
a function of time has been recorded by means of the automatic recording attenuation
measurement unit. The testing machine 6mployed & mechaniocal drive giving a constant
amplitude of disvlacement, The first cycling tests were of value mainly for check-
ing techniques. The ability of the epoxy resin (glue) joints to stand the desired
loads under cycling conditions has been determined and oyoling tests have been run
for periods of two to three million cycles« The cycling speeds have been both slow,
six ecycles per minute, and fast 1730 dycles per minute,

A number of interesting features have evolved from these exploratory experiments
with stress cycling of single crystals.

The attermuation as a function of the number of cycles of stress exhibits a form
that has been present in all of our previous results for polyorystalline aluminum as
welle In particular the attenuation decreases at first and reaches a minimum and then
increases as a function of number of cycles, and the minimum appears at about 1000 to
1500 cycles as shown in Figure l. The cyoling was done at the rate of 6 oycles per
minute initially. At the 6 cycle per minute rate the attenuation can be followed
completely by the automatic résording attemuation measurenmert unit and the pairs of
triangles in Figure 1 show the maximum and minimum values of attenuation observed
during a given cyoles The inorease in attenuation following the minimum in the curve
is clear up to the point in Figure 1 marked "Rapld Cycling Started" at which point
the program of cycling was changed. Instead of continuing at the rate of 6 cycles
per mingte the cycling was carried out at 1730 cycles per minute and the points:x in
Figure 1 show only average values of attenuation because with rapid cycling the auto-
matic recording unit does not follow in detail; it simply records an average value.

At each value x,
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however, a pair of triangles appears also; this means that the rapid eycling was
stopped and the slow cycling was carried on for a period, sufficient to obtain the
data.

The start of rapid cycling obvicusly affected the trend that was being followed
with slow cycling alone. Beyond the point where rapid cycling was started it appears
that the attermation increase was stopped and perhaps reversed as a consequence of
the rapid cycling, The minimum in the attenuation curve suggests that (as with the
polyerystalline samples discussed in previous reports) the decrease in attenuation
may be associated with a decrease in the dislocation damping because of increased
pinning whioh may arise both from increased dislocation density and an increased
density of point defects produced during cycling. The decrease in dislocation damp-
ing loss as a function of cycling is eventually (around 1500 cycles) offset by an
attemuation increase which may be a scattering effect arising from strain regions
which could appear as a consequence of cyelic slip and the pile up of dislocations
against barriers to form regions of gradients in the elastic constants, hence scatter-
ing regionsa It is clear that the accumulation of such scattering regions (if this
is the explanation) is much slower with single crystals than with polyerystalline
and leass pure aluminum because the attermuation inereases with cycling much more rapid-
ly in the latter cases.

It may be noted that this idea concerning scattering regions and the difference
between polycrystalline samples and single crystals can perhaps be tested to some
extent by comparing an attenuation plot of the type of Figure 1 for cycling in a ¢ 111
direction, with the same experiment in the ¢ 100) direction. The slip behavior for
cycling in the {111> direction should approximate that for a polyerystal much more
closely than in a {100) directions In other words the attenuation might be expected
to increase more rapidly in the region beyond the minimm for cycling in a {111

direction.
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Another feature of the dislocation damping changes that was examined in conrse
of the stress cycling was attermuation recovery. At various points the cycling was
stopped, arnd the atiermation decrease was observed as a function of time for periods

of some hours. The attermuation recovery (for periods of five mirmutes and ten mimtes)

3 cycles to about 3 x lO6 cycless The amount of recovery

is shown in Figure 2 from 10
decreases appreciably but rather slowly with cycling as compared with previous ex-
periments involving polycrystalline samples of low purity in which the recovery dis-
appeared more rapidly, and, in at least one case, disappeared altogether after 1()6
cycles. It is seen from Figure 2 that the rapid cycling does not appear to change
the amount of recovery very mmch althongh the attenuation values (Figure 1) were
raised appreciably when rapid cycling was starteds The decrease in the amount of
recovery ag a function of cycling fits with the explanation given above in that dur-
ing the cycling the dislocations become pinned down to a greater extent and the dis- !
location damping effects decreases The subsequent increase in attemuation, if caused
by scattering, would not influence recovery directly, although any new defects pro-
duced and capahle of pinning would affent the rate and perhaps the amount of recovery. |
Velocity meamurements were not made in the course of the cycling. The autamatic
recdrding velocity meamurement wnit is not yst ready for such uses. Velocity meas-
nrempnts would, if available, help to establish the nature of the atiemmuation losses.
It should be recorded that during the cycling discussed here the load in tension
and in compression was 520 pounds per sqe inch for about 2 x ZLO6 cycles at which point
the load was increased in about 17 steps fram 520 psi to 2620 psi finally. This final
value of the load was roughly one and one half to two times the load that is usually

needed to break such a specimen in a static tension test.
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In addition to ultrasonic attenuation measurements, records were made of the
stress vs. strain relation during cycling at slow speed (6 cycles per min.)e. Strains
were measured by means of two SR-4 foil strain gages of one inch gage length cemented
to opposite faces of the specimen. Loads were determined from strain gages attached
to a ring dynamometer. The output of the strain and load gages was used to drive an
x-y recorder. Results of these measurements are shown in Figure 3 for the first few
load cycles, and for representative cycles at later stages in the test.

It was observed that the size of the hysteresis loop decreased at first with
cycling at constant amplitude and constant speed. The behavior is more easily ob-
served in Figure 4 where the width of the hysteresis loop (taken at zero load) is
shown as a function of number of cycless. For constant stress amplitude the width of
a loop is approximately proportional to the energy dissipated per cycle.

A comparison between the ultrasonic attenuation of Figure 1 and the plot of
hysteresis loop width as a function of the number of cycles in Figure 4 shows some
similarity. It is possible to argue that both types of measurement may be related
to one another through a dislocation damping mechanism. The two sets of curves show
a minimum and while not exactly at the same places they are roughly similar. At the
start of rapid cycling the attenuation (Figure 1) increased abruptly, but the hyster-
esis loop width remained unchanged. As the rapid cycling proceeded (beyond 105 eycles
the loop width decreased to a value smaller than at the previous minimum (between 102
and 10° cycles).,

Beyond about 2 x 106 cycles the load was increased so that the stress increased
from 520 pes.ie to about 760 passi. and the test continued at the higher c¢ycling rate.
The attemation increased sharply as indicated by the final set of points in Figure 1.

The hysteresis loop width also increased substantially as shown in Figure 3 and 4.
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After about 5 x 105 additional cycles the width of the hysteresis loop had decreased.

The load was increased in a series of seventeen steps to the final load corre-
sponding to a stress of roughly 2600 passiee During the tests at higher stresses
the hysteresis loop became very much larger as shown in Figure 3, Attenuation meas-
urements for the cycling at the higher stress values are not shown.

It seems clear that increasing the load in successive steps during cycling
permits applying a much higher stress than would be possible either in static tension
tests or in cycling tests at constant stress,

Attenuation measurements made before this cycling test and 36 days after the
test show a final attemuation value slightly higher than the initial value (short lines
at left and right in Figure 1) but much lower than the values attained during cycling.
In other words the single cerystal still has a large amount of recovery after 3 x 106
cycles at the various levels and with rapid and slow cycling.

Finally in connection with the stress cycling certain observations will be
made regarding the automatic attenuation unit and its use in observing the attenua-
tion during cyeling in tension and compressions The attached chart in Figure 5
shows sections of the strip chart recording taken from the automatic recording
attermation measurament unit. This test was run mainly to check the techniques. At
various stages the load was increased. Initially the load was 25 to 30 pounds in
tension and an equal amount in compression. The load did not remain balanced in
equal tension and compression for the run of about 10,000 cycles, and the load was
increamed a number of times during the run in order to find out what load the epoxy
resin (glued) joints would stand during cycling. The cycling was done at six cycles
per mimte. The ultrasonic frequency was 10 mc/sec and compressional waves were

used.
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The changes in dislocation damping during the cycling are large and easily seen
from comparison of the maximum-minimm attermuation values (for example a change of
0.1% db per microsecond in first cycle) with later maximum-minimum values (as for
example a change of only 0.02 db per microsecond after only 60-70 cycles)e

It should be noted that the first quarter of the first cycle (chart) is in tension
between points marked (1) and (2) - ise., sample is being loaded in tension, Between
points (2) and (3) the sample is still in tension but is being unloaded, and it is at
or near zero load at point (3)a At point (3) the attenuation has not returned to
point (1) because there Las not been time for recovery to occur back to the attema-
tion value at (1)« The load is changing most rapidly at point (3) and from (3) to
(4) the sample is again being loaded but this time in compression, At point (4) the
load is changing relatively slowly from (maximum load in compression) to unloading,.
The sample is again unloaded at point (5), and the whole cycle starts againe. At
each odd numbered point the load is reversing direction in going from unloading to
loading in either tension or compression. At each even numbered point the change is
from loading, in either tension or compression, to unloadings

In the early stages of cycling in this test the cycles are clear and easy to
interpret; this is not the case in the later cycles because the loading in tension
and compression is no longer equal because of the shortcomings and inadequacies of
cycling equipmenta It iz clear from this and from much longer test described above
that for a given load the attemuation or dislocation damping dies out with contimued

cycling just as in our early tests with relatively impure polycrystalline alumimum,
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5. Automatic Recording Velocity Measuremer} Unit

The Automatic Recording Velocity Measuremnt Unit has heen designed with two
basic objectives in mind: (1) to be able to measure acourately and reliably the time
between two repetitive (ultrasonic) signals (echoes) with a sensitivity of at least
1 nanosecond out of 100/Asec (1 part in 10° ) and (2) tp make the measurement avail-
able as a Do C, voltage capable of driving a recorder (either strip chart or X-Y) so
that dynamic changes in time that cannot be measured mamally will produce a perm-
anent record that may later be examined in minute detail. Other important features
are that the system be independent of variations in repetition rate and time jitter
between the initiating pulse and the repetition rate generator.

The general block diagram for the device is shown in Figure l. The exponentially
decaying group of echoes are coupled from the Rs Fe mixer of the attenuation unit
(at 60me) into the matched 60 mc IF stripss. The gain of each of these strips is
approximately 80 db with a bandwidth of 5mes The detected output (Figure 2a) of each
IF strip is fed into a selector stage where all echoes except one are rejecteds 3ince
the echo selecting delays are in series (the delayed output of #1 triggers #2), the
signal fram selector #1 will always occur in time before the signal from selector #2.
(If the delay tims of Delay #2 could be made zero, then the signals could be made to
coincide in time, In practice the delay of #2 is purposely restrained from capability
of being zero.) The smelected echoes (Figvre 2b) are next amplified (Figue 2¢) and
shaped into triggers (Figure 2d). Shaped echo #1 simultanecusly triggers delay #3
(Figure 3¢) and the '.Vﬂsec marker generator gate (Figure 3a). The marker generator
produce= a 200 /u sec burst of 1 /u sec markers (Figure 3b) which are coupled into the
marker selector. The output of delay #3 is also fed into the marker selector and makes
it possible to select any marker from the 2nd through the 150th (Figure 3d)s This se-
lected marker is coupléd into the monostable multivibrator section (Figure 4b,) of the
sawtooth generator (Figure 3d) as a ®turn on" trigger (Figure 4a).

The "saw® rises at the rate of 50 volts per microseconfls Delay #3 is adjusted
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so as to select the marker which occurs in time between 1 and 2 /U. sec before the 2nd
selected echos The second selected echo (Figure 4e) is coupled into the sawtooth
generator as a "turn off" trigger and terminates the "saw®™ at a voltage between 50
and 100 volts., As the time relationship between selected echo #1 and selected echo
#2 changes, the amplitude to which thc "saw"™ rises changes directly (Figure 5a,b,c,d)s
A peak detector converts the peak amplitude of the ™saw®™ into a D. C. voltage which
48 measured in the balanced VI'VM and made available to external recorders. The VIWM
is a balanced device to allow the introduction of a 50 volt off-set voltage to com-
pensate for the first microsecond of operation of the "saw®. This allows measurements
to zero on the “zero to one microsecond™vernier., This would be impossible to obtain
on a linear basis if the sawtooth had to be measured back to a real zero voltage.
This means then that delay #3 must be calibrated properly to account for this "lost®
one microseconds This is obviously readily accomplished. (A trivial limitation
introduced by this method of operation is that the minimum time measurement capability
is one microsecond rather than zero.) The total time between the two selected echoes
is obtained by adding the corrected digital reading of delay #3 and the analog read-
ing of the VI'VM (or recorder)s Under these conditions of operation of the analog
portion of the readout, 50 volts represents 1 /M sec and the smallest time measurable
on a conventional recorder will be 10 nanoseconds. By adjusting the offset voltage
and changing the ratio of the dividing resistors in the VIVM by a ratio of 103l this
smallest measurable time increment can be changed to 1 nanoseconds Theoretically
this technique can be carried on for scveral more orders of magnitude of time read-
out mensitivitys In reality jitter problems and linearity of the "saw” make this
difficult to doa It is hoped to be able to obtain 0.1 nanosecond sensitivity but
experimental requirements will generally be satisfied with 1 nanosecond sensitivitya

Another mection of the device which is necessgary for satisfactory operation is



the AGC sy=tem, Each selected echo is fed into an AGC system which controls the
gain of the appropriate IF amplifier and maintains the ocutput of the IF amplifier
constant within 1 db over a 40 db range of imput signale It is necessary to do this
becanse the time mpasuring system is sengitive to the amplitude of signal fed into
its Since the amplitude of the two selected echoes would change different amounts
under dynamic testing conditions, the AGC operation is required. (To make the appli-
cation of AGC successful in this device it is also necessary to have IF amplifiers
whoge characteristics are not altered by the AGC voltage. We have succeeded in this
requirement to the point where we can observe no change in center frequency or bend-
width over a 40 db range of gain control (Figure 6a&sb,c,dsa).Neither does an arti-
ficial change of 40 db in signal level to one IF amplifier produce a detectalle change
in measured time on the vernier readout).

The final result obtained with a1l these electronic amplifiers, delays, selectors,
gtcs is a device capable of measuring antomatically with great sensitivity the time
between two echoess The measuring system is divoreed from the basic sync cirenits
generating the signal so that Jitier in the signal generating devices does not influ-
ence the measured value. Since both measured echoes are generated by the same initi-
ating R. F. Pulse amy change in shape or rise time in this pulse will not affect the
final measmred values It ghould also be noted that the device is independent of the
frequency at which the R. F. system is operating which means it is useful from approx-
imately 10 me to indefinitely high frequenciesa
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Figure 2

Echoes and shaped echo waveforms

(a) sweep: 5 p sec/cm; sens: 2 volts/cm
b) ™ " " 1 volt/em

(c) » " " 50 volts/cm
() » " * 25 volts/em
Figure 3

Marker generator and selected marker waveforms
(a) sweep: 2y sec/em; sens:50 volts/em
" "

(b) " 50 volts/em
(e) w " ® 100 volts/em
(@) » " " 20 volts/cm
Figure 4

Sawtooth and sawtooth trigger waveforms
(2) sweep: 1 M sec/em; sens: 20 volts/en
(o) m " " 20 volts/em

(e) m " " 50 volts/en
(@) » " " 10 volts/em
Figure 5

Sawtooth waveforms with various times
(a) sweep: 1 psec/em; sens: 25 volts/en
analor time: 1000 ns

(b) » " sens: 25 volts/em
analog time: 600 ns

(¢) = " sens: 25 volts/em
analog time: 200 ns

(a) " sens: 25 volts/en

analog time: 1000 ns

Fioure 6
1¥ response curves at various sensitivities
(a) sweep: 4 mc/emyIF gains  max,

(b) » " “ =10 dt
(e) = " » ~20 db
(d) [} " " =30 db
(e) w " " -40 db
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